Abstract: Inhalation of pathogenic bacteria transported by particulate matter (PM) presents an important potential threat to human health. Therefore, the pulmonary toxicity in mice caused by Staphylococcus aureus (S. aureus) and PM as individual matter and mixtures was studied. PM and S. aureus were instilled intratracheally into Kunming mice at doses of 0.2 mg/mouse and 5.08 × 10 6 CFU /mouse, respectively, as individual matter and in combination two times at 5-day intervals. After the exposure period, oxidative stress markers and nitric oxide (NO) in the lung, cellular infiltration, neurotrophins, chemokines, and cytokines in bronchoalveolar lavage fluid (BALF), and immunoglobulin (Ig) in sera were examined. Exposure to the combination of PM and S. aureus caused significant increases in malondialdehyde (MDA), catalase (CAT), superoxide dismutase (SOD), and NO and significant decreases in total antioxidant capacity (T-AOC) and the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) in the lung. Meanwhile, the ratio of interleukin (IL)-4 to interferon (INF)-γ, the IL-4 level in BALF, and the IgE concentration in sera were significantly increased in the groups exposed to S. aureus or the combination of PM and S. aureus. Substance P and IL-8 in BALF were significantly increased in mice exposed to PM, S. aureus or their combination. In addition, PM, S. aureus, and their combination caused infiltration of leukocytes into the alveolar tissue spaces. The results suggested that exposure to the combination of PM and S. aureus induced a lung inflammatory response that was at least partly caused by oxidative stress and mediators from the activated eosinophils, neutrophils, alveolar macrophages, and epithelial cells.
Introduction
Particulate matter (PM) is one of the most widespread air pollutants. It can pass through the different parts of the lungs and ultimately get to the capillaries and circulating cells or components, e.g., erythrocytes. Particulates are then delivered by the circulation to other organs such as the liver, kidney, spleen, heart, and brain, where they may be accumulated [22] . inhalation of enhanced levels of ambient PM has been causally related to increased mortality and morbidity in human populations, especially those with pre-existing pulmonary inflamma-tion [4] .
Pulmonary exposure to PM has been associated with the development of pulmonary inflammation which can lead to pulmonary illnesses and diseases [21] . Oxidative stress has been reported as a possible inducer of apoptosis in lungs from animals exposed to low concentrations of urban particulates [5, 24] . Particulates could cause toxicities in alveolar macrophages and bronchial epithelial cells to induce inflammation in the lung, the mechanism of which is mainly involved in producing inflammatory factors and reactive oxygen species (ROS) [3, 17] . Pulmonary responses to diesel exhaust particulate exposure are mediated through elevated production of ROS and nitric oxide (nO) by alveolar macrophages [33] .
air pollution is also a mixture of many pollutants such as particulates, microbial pollutants, and some harmful chemical molecules. inhalation of pathogenic bacteria or circulating viruses which might be transported by PM presents an important potential threat to human health [10, 31] . Pathogenic bacteria contribute to other globally important diseases, such as pneumonia, which can be caused by bacteria such as Streptococcus and Pseudomonas. Staphylococcus aureus (S. aureus) is an important opportunistic pathogen and etiologically agent of many hospital-and community-acquired infections [9] . S. aureus isolates secrete identifiable enterotoxins such as S. aureus enterotoxin a and B (SEa, SEB). SEa and SEB can induce upper airway and lung diseases related to eosinophil activation and recruitment. The pro-inflammatory effect of SEB on human nasal epithelial cells in vitro, which results in augmented granulocyte migration and survival, has been demonstrated [11] .
The mechanisms involved in PM-or S. aureus-induced lung toxicology are possibly related to leukocyte infiltration, pro-inflammatory cytokines, oxidative stress [3, 5, 17, 24] , nO level in the lung [33] , eosinophil activation and recruitment, and granulocyte migration and survival [11] . Relatively little is known about murine lung toxicology caused by mixtures of PM and S. aureus.
in the present study, the acute pulmonary toxicity in mice exposed to S. aureus and PM as individual matter and mixtures was studied, and the association between the immune-related factors and lung inflammation were examined. in addition, the molecular mechanism for lung inflammation was also discussed based on the results.
Material and Methods

Animals
Male Kunming mice (5 weeks of age) weighing 18-22 g were obtained from the Experimental animal Care Center of Dalian Medical university (Liaoning, China). all animals use was approved by the animal Experimental Biosafety Committee, Dalian university of Technology (approval no. DuT2013576a) and complied with the institutional guidelines for the Care and use of Laboratory animals. These mice were acclimatized to the laboratory for one week and maintained in a humidity (50 ± 10%)-and temperature (22 ± 2°C)-controlled room on a 12 h light, 12 h dark cycle. The animals were given access to food and water ad libitum. all the mice were weighed before the exposure experiment.
Preparation of particulates and bacteria
Particulates in the experiment were composite artificial dust (CaBR-aK-FHRgC-72235) obtained from the China academy of Building Research. The components of the artificial dust were 72 ± 1% loess dust, 23 ± 1% black carbon, and 5 ± 1% short velveteen. The dust size distribution was as follows: 0-5 µm, 34 ± 2%; 5-10 µm, 27 ± 2%; 10-20 µm, 27 ± 2%; 20-40 µm, 11 ± 2%; and 40-80 µm, 1 ± 0.3%. The samples used in our experiment were heated at 360°C for 30 min in an electric heater to remove toxic materials (microbiological materials, sulfate, nitrate, etc.) adhering to them.
S. aureus obtained from the China general Microbiological Culture Collection Center was cultured in a growth medium comprised of nutrient broth overnight in a thermostat at 37°C. after S. aureus was cultured for two generations, it was washed twice in sterilized normal saline and prepared at a concentration of 5.08 × 10 7 CFu/ ml for intratracheal instillation into mice.
Study protocol
The study protocol was based on the exposure patterns in cases in which people are always exposed to PM together with highly pathogenic bacteria. The exposure doses of PM and S. aureus were chosen on the basis of previous information [10] and our experimental conditions. The details for procedures concerning exposure conditions and concentrations were in accordance with established protocols [31] . in brief, male Kunming mice were divided into four groups (n=12, each group) on the basis of the treatment with PM and S. aureus: control (normal saline), g1 (PM, 0.2 mg/mouse), g2 (S. aureus, 5.08 × 10 6 CFu/mouse), and g3 (PM, 0.2 mg/mouse + S. aureus, 5.08 × 10 6 CFu/mouse). Each mouse in the control group was instilled intratracheally with 0.1 ml of normal saline two times at 5-day intervals. Each mice mouse in the g1 group was intratracheally instilled with 0.1 mg PM two times at 5-day intervals. Each mice mouse in the g2 group was intratracheally instilled with 2.54 × 10 6 CFu S. aureus two times at 5-day intervals. Each mice mouse in the g3 group was simultaneously injected with 0.1 mg PM and 2.54 × 10 6 CFu S. aureus two times at 5-day intervals.
Bronchoalveolar lavage fluid (BALF) and tissues collection
After the 10 days of exposure, the mice were sacrificed under pentobarbital anesthesia. Five mice were randomly chosen from each group for blood extraction from the right ventricle, then the blood was centrifuged to obtain the sera for immunoglobulin (ig) analysis; meanwhile, BaLF from each of these mice was collected by cannulating the trachea and lavaging the lung four times with 1 ml of sterile saline as described previously [6] . The recovered fluids, about 3.5 ml, were pooled. Collected BaLF was centrifuged, and the supernatant was removed and stored in an ultra-low temperature freezer (−80°C) for cytokines, chemokines, and neurotrophins analysis, while the resulting BaLF cell pellet was diluted. aliquots were analyzed by hemocytometer and trypan blue dye exclusion for viable cell count, and differential inflammatory cells were counted by optical microscopy after Wright-giemsa staining.
The lungs of the other seven mice in each group of 12 animals were collected for detection of oxidative stress markers and histological analysis.
Measurement of lung oxidative stress markers
Malondialdehyde (MDa), catalase (CaT), superoxide dismutase (SOD), the ratio of reduced glutathione (gSH) to oxidized glutathione (gSSg), nO, and total antioxidant capacity (T-aOC) were measured by using commercially available kits according to the manufacturer's protocol (nanjing Jiancheng Bioengineering institute, nanjing, China). The lungs of the mice were washed in normal saline, 10% lung homogenates were prepared in 1.15% w/v of potassium chloride. Then, the homogenates were centrifuged at 7,000 g for 10 min at 4°C, and their supernatants were used for determination of oxidative stress markers.
Degree of lipid peroxidation in lung tissue homogenates of mice was determined according to thiobarbituric acid reactive substances formation with maximal absorbance at 532 nm by following the protocol of the kit. The concentration of MDa in the mouse lung was calculated by comparing the absorbance to that produced by the control standard 1, 1, 3, 3 -tetraethoxypropane and expressed as nmol/mg prot.
CaT activity was measured using the ammonium molybdate spectrophotometric method, which is based on the fact that ammonium molybdate can rapidly terminate the hydrogen peroxide (H 2 O 2 ) degradation reaction catalyzed by CaT and react with the residual H 2 O 2 to generate a yellow complex, which can be detected by the absorbance at 405 nm. CaT activity was expressed as u/mg prot.
SOD activity was assayed by measuring its ability to inhibit the photochemical reduction of nitro blue tetrazolium in absorbance at 550 nm. SOD data for the lung was expressed as u/mg prot as compared with the standard.
Total glutathione (TgSH) and gSH were determined spectrophotometrically by monitoring the chromophoric product resulting from reaction of the 5, 50-dithiobis-(2-nitrobenzoic acid) with gSH in the presence of nicotinamide adenine dinucleotide phosphate (naDPH) and glutathione reductase at 412 nm. gSSg was calculated by subtracting the gSH content from the TgSH. The ratio of gSH to gSSg in lung homogenates was calculated from the gSH and gSSg contents. nO levels were determined by a spectrophotometer at 550 nm. The final level of NO in lung homogenates was calculated and expressed as nmol/mg prot.
T-aOC was measured by the ferric reducing-antioxidant power assay method and detected at 520 nm with a spectrophotometer. T-aOC in lung homogenates was calculated and expressed as u/mg prot.
Assay of cytokines, chemokines, and substance P
The amounts of various biochemical mediators in each sample supernatant from BaLF of mice were determined by using ELISA kits for IL-8, IL-4, interferon (INF)-γ, eotaxin, neurotrophin (nT)-3, and substance P (R&D systems, Minneapolis, Mn, uSa). ELiSa plate absorbance was measured at 450 and 550 nm wavelengths using a microplate reader (Model 550, Bio-Rad, Hercules, Ca, uSa). Determinations were made in duplicates for every sample using standard curves accordance with the manufacturer's instructions.
Histopathological observation
The lung specimens of mice were fixed with 10% formaldehyde and processed conventionally for embedding in paraffin, cut into 5-µm-thick sections, stained with hematoxylin and eosin (H&E) for conventional histopathological examination, and then observed under a light microscope.
Statistical analysis
Statistical analyses of means were carried out with SPSS software (Ver13.0, SPSS, inc., Chicago, iL, uSa). Data were expressed as means ± SD. One-way analysis of variance (anOVa) was conducted to compare the differences of means among multigroup data. Duncan's test was used for multiple comparisons. Differences among groups were considered statistically significant at the level of P<0.05 or P<0.01.
Results
Animal body weight and lung organ mass
After the 10 days of exposure, the lung organ coefficient in treated mice was increased, and body weight, net increase in body weight, and lung weight were decreased compared with the control, but no significant differences were found among them (Table 1) .
Changes in numbers of BALF cells
To examine the effect of exposure to PM, S. aureus, and their combination on lung inflammation in mice, we determined the numbers of BaLF cells after exposure to PM, S. aureus, or their combination for 10 days (Table  2) . PM exposure resulted in no significant increase in various types of inflammatory cells in BALF. The numbers of BaLF cells, macrophages, neutrophils, lymphocytes, and eosinophils in group 2 and 3 mice were significantly increased compared with those in the control mice. in addition, the numbers of cells, macrophage cells, and eosinophils in BaLF in the group exposed to Data are presented as the mean ± SD (n=5 in each group). the combination of PM and S. aureus were higher than those in the group exposed to PM; neutrophils and lymphocytes were higher than those in the groups exposed to PM or S. aureus alone.
Oxidative stress markers in the lung
Oxidative stress levels in the lungs of mice exposed to PM, S. aureus, or their combination are shown in Table 3 . MDa, SOD, and CaT levels in g3 group mice were significantly increased compared with the control (P<0.05 or P<0.01); moreover, CaT activities in g2 mice were higher than those in the control (P<0.05), and SOD and CaT activities in g3 mice were higher than those in g1 mice. However, T-aOC and the ratio of gSH to GSSH in all treated groups were significantly decreased compared with the control, and these levels in g3 mice were lower than those in g1 mice.
NO level in the lung
nO levels in the lungs of mice exposed to PM, S. aureus, or their combination are shown in Fig. 1 . The NO level in G3 mice was significantly increased compared with that in control, g1, or g2 mice (P<0.05), while exposure to PM or S. aureus alone did not lead to a significant change in NO level (P>0.05).
Chemokines and cytokines levels in BALF
Cytokine levels in BaLF of mice exposed to PM, S. aureus, or their combination are shown in Fig. 2 . The iL-8 levels in BaLF of all treated groups of mice were significantly increased compared with the control (P<0.01), and the ratio of IL-4 to INF-γ and the IL-4 levels in the g2 and g3 groups were higher than those of the control (P<0.05 or P<0.01), but there were no significant differences in INF-γ and eotaxin levels between the treated groups and control (P>0.05).
NT-3 and substance P levels in BALF
To investigate the effect of exposure to PM, S. aureus, or their combination on neurogenic inflammation, we measured the contents of nT-3 and substance P. nT-3 and substance P in BaLF in all treated groups of mice were increased compared with the control, and substance P was significantly increased (P<0.01) (Fig. 3a) ; moreover, the substance P level in g3 mice was higher than that in g1 mice. However, the nT-3 level in treated mice was slight high compared with the control (P>0.05) (Fig.  3B ).
Ig production in sera
To validate the predominance of Th2 cytokine expression in mice exposed to PM, S. aureus, or their combination, the levels of ig isotype in sera of the mice were measured by using an isotype-specific ELISA. Exposure to S. aureus or the combination of PM and S. aureus led to a considerable increase in igE concentration in serum compared with the control group. Moreover, the igE concentration in serum of the mice exposed to the combination of PM and S. aureus was higher than that in the mice exposed to PM (Fig. 4) .
Pathologic changes in the lung
no pathological alterations were found in the lungs of the control group (Fig. 5a) . PM or S. aureus alone caused slight infiltration of leukocytes into the submucosa of the airways with slight goblet cell proliferation in the bronchial epithelium and invasion of leukocytes into the alveolar area (Figs. 5B and C) . However, the combination of PM and S. aureus caused more prominent infiltration of leukocytes into the alveolar tissue spaces and the connective tissue in the airway compared with PM or S. aureus alone (Fig. 5D ).
Discussion
PM has been shown to adhere to many kinds of microorganisms [10, 15] , some of which are highly pathogenic. it is one of the important air pollutants, and it often adheres to microorganisms in air. Therefore, the acute pulmonary toxicity in mice exposed to S. aureus, PM, or their combination was investigated in this study. The present study demonstrated that S. aureus or a combination of PM and S. aureus induces mice lung inflammation in mice which is evidenced by oxidative stress in the lung, inflammation factors in BALF, Ig in sera, and pathological examinations. Furthermore, all these effects were almost always more remarkable in the group exposed to the combination of PM and S. aureus than in the group exposed to PM. Oxidative stress refers to an increase in intracellular contents of ROS that cause damage to lipids, proteins, and Dna [27] . it plays a crucial role in the deleterious and inflammatory responses in airways diseases such as asthma and chronic obstructive pulmonary disease [18] . Our previous studies showed that ROS are generated following exposure to volatile organic compounds (VOCs) and play a pivotal part in lung damage [29, 30] . it has been suggested that the oxidative stress was one way for ambient particles to affect lung health [5] . Its mechanism of action mainly includes attacking the pulmonary antioxidant system and elevating the production of ROS in the lung, which may represent the initiation of inflammation and eventually activate apoptosis to induce pulmonary disease [24] . Oxidative stress arises from an oxidant/antioxidant imbalance in favor of oxidants. in the present study, the combination of PM and S. aureus led to significant increases in lipid peroxidation (MDA) and antioxidase (SOD and CAT) and significant decreases in T-aOC and the ratio of gSH/gSSg. The results showed that lungs of mice exposed to the combination of PM and S. aureus showed severe oxidative stress. in other words, the combination of PM and S. aureus induces generation of ROS, and excess ROS accumulation may lead to modified antioxidant defense mechanisms. Oxidative stress then causes damage to lipids, and ROS may represent the initiation of inflammation and eventually activate apoptosis to induce lung inflammation [16, 29, 30] .
in the airway, nitric oxide synthase (nOS) may form nO and S-nitrosoglutathione (gSnO). nO may further generate nitrogen dioxide (nO 2 ), which may exhaust GSH and result in airway inflammation [29] . ROS can also interact with nO to form other reactive nitrogen species (RnS), which include nitrosonium cation, nitroxyl anion, and peroxynitrite. RnS may damage Dna, lipids, proteins, and carbohydrates in environmental lung diseases. in the present study, nO levels in the mice exposed to the combination of PM and S. aureus were significantly increased, while the levels in the mice with single exposure alone were not significantly changed, indicating that nO plays an important role in the injurious and inflammatory responses in the airways of mice exposed to a combination of PM and S. aureus. IL-8, a member of the proinflammatory protein family, is a chemokine produced by macrophages and other cell types like epithelial cells and airway smooth muscle cells [28] . it has been suggested to be an important biomarker for the evaluation of early inflammatory responses to chemical irritants due to its non-cell-specific nature [25] . The iL-8 release in BaLF of mice exposed to S. aureus, PM, or their combination was significantly higher than that of the control in the present study, and the oxidative stress levels changed significantly following exposure to the combination of PM and S. aureus, suggesting that S. aureus, PM, or their combination may cause an inflammatory response and that the response caused by the combination of PM and S. aureus is at least partly caused by release of the ROS and mediators from the activated lymphocytes, neutrophils, macrophages, endothelial cells, epithelial cells, and fibroblasts [23] . Moreover, S. aureus or the combination of PM and S. aureus led to a significant increase in the numbers of BaLF cells, macrophages, neutrophils, lymphocytes, and eosinophils in the present study.
Eosinophils are considered to play a critical role in the pathogenesis of airway inflammation through the release of inflammatory mediators such as IL-4, IFN-γ, and eotaxin [19, 30] . Conversely, the activation of eosinophils can be modulated by these eosinophil-derived cytokines as well as T cell-derived cytokines [2, 14] . We found that a Th2 cytokine (IL-4) was significantly higher in BaLF of mice exposed to S. aureus or the combination of PM and S. aureus than that in the control, while INF-γ and eotaxin were not significantly changed in the present study. Th2 cytokines (such as iL-4) are the most potent factor that promote the differentiation of Th cells to Th2 effectors, but IL-4 also antagonizes the activity of Th1 cells [8] . The balance between Th1 and Th2 differentiation is critically related to the status of allergic disorders and airway inflammation [12, 13, 30] . Our results also demonstrated that the ratio of IL-4 to IFN-γ in BaLF of mice exposed to S. aureus or the combination of PM and S. aureus was significantly increased compared with that in the control group. This finding suggests the possibility that exposure to S. aureus or the combination of PM and S. aureus may provoke the predominance of Th2 cytokine production due to the activated status of Th2 cells. Meanwhile, increased production of igE in serum of mice exposed to S. aureus or the combination of PM and S. aureus correlated positively with the upregulated Th2 cytokine production. Several studies reported that the development of allergic airway inflammation and bronchial asthma was associated with elevated igE levels, the predominance of Th2 cytokine production, and eosinophils related-inflammation of the airways [7, 26] . Substance P, an important mediator of neurogenic inflammation, is released from the terminals of specific sensory nerves and inflammatory cells like lymphocytes, macrophages, eosinophils, and dendritic cells and acts through the neurokinin-1 receptor [1] . It has proinflammatory effects in immune and epithelial cells and plays a part in inflammatory diseases of the airway. Many substances induce neuropeptide secretion from sensory nerves in the lung [20] . in the present study, substance P in BALF was significantly changed in G1, G2, and G3 (P<0.01), but NT-3 was not significantly changed. These results showed that substance P plays an important role in lung inflammation in mice exposed to PM, S. aureus, or their combination. in addition, substance P is known to augment the production of cytokines in macrophages [20] . it also induces nO production and an oxidative burst in macrophages, resulting in the production of reactive oxygen intermediates [32] . in our study, iL-8, iL-4, nO, typical oxidative stress biomarkers, and macrophages were significantly changed in mice exposed to the combination of PM and S. aureus. These results suggested that the combination of PM and S. aureus induced inflammatory cells to release substance P, and that substance P augmented the production of iL-8 and iL-4 also induced nO production and an oxidative burst in macrophages, resulting in the production of ROS intermediates.
